Mean diffusion parameters and eGFRs were compared between these groups of diabetic subjects and healthy controls. Results: Medullary FA, ADC and cortical ADC values were significantly lower in diabetics with eGFR ! 60 compared to controls. Notably, both mean medullary FA and ADC were significantly lower in diabetics with eGFR 6 60 compared to controls (p = 0.001 and p = 0.042, respectively). For the study subjects in aggregate, medullary FA correlated significantly with eGFR (R = 0.69, p ! 0.01); the other diffusion parameters showed no significant correlations. Conclusions: This pilot study suggests that changes in medullary DTI assessments may serve as indicators of early DN. Further studies are needed to determine if these findings could serve as biomarkers to identify diabetics at risk of DN progression.
Introduction
Diabetic nephropathy (DN) is the leading cause of end-stage renal disease (ESRD) in the United States. Its prevalence is increasing worldwide and will likely increase further as the epidemic of type 2 diabetes mellitus worsens [1] . Discovery of biomarkers that identify pa-tients in the early stages of DN will permit targeted, intensified treatment to high-risk patient populations and facilitate clinical trials of new therapies. Although specific risk factors for progression to DN have been identified for diabetics as a whole, these do not reliably predict progression in individual diabetic patients [2] . Glomerular filtration rate (GFR)-estimating equations based on serum creatinine values lack precision and perform suboptimally in early-stage kidney disease; microalbuminuria may indicate early damage but regresses in a significant proportion of diabetics. Thus, neither traditional clinical marker of kidney disease has sufficient sensitivity and specificity to diagnose early DN (the point at which interventions are most likely to impact disease progression) or to predict progression to ESRD in individual diabetic patients.
Magnetic resonance imaging (MRI) techniques, specifically quantitative diffusion MRI methods, may offer the opportunity to noninvasively identify early renal damage. These methods have a number of advantages including the fact that they can be used to assess kidney structure and function without gadolinium chelates [3] [4] [5] [6] [7] [8] . Standard quantitative diffusion-weighted imaging (DWI) methods provide an assessment of water's mobility in a given tissue, which is expressed as an apparent diffusion coefficient (ADC). A high ADC suggests a large amount of water movement, whereas a low ADC suggests restricted water movement. ADC values can vary based on the type of organ studied as well as the presence or absence of a given disease process. Cysts, for example, typically exhibit higher ADCs, whereas tissue fibrosis typically has lower ADCs [9] [10] [11] .
Diffusion tensor imaging (DTI) is a diffusion MRI method that is more comprehensive than standard DWI. In DTI, information is obtained not only about the magnitude of water's mobility (ADC), but also its directionality and is expressed as fractional anisotropy (FA). The ability of DTI to quantify the directional nature of water movement makes it ideally suited for analyzing highly structured organs such as the kidney. For example, with DTI, a cyst has low FA (homogeneous water movement with no directionality), whereas highly structured tubules and vessels in the renal medulla are known to have a higher FA (water movement in one direction) [7, 8, 11] . Previous diffusion MRI studies in patients with chronic kidney disease (CKD) have been limited to DWI assessments of ADC [8, [11] [12] [13] . DWI techniques have also been used to assess kidney changes in an experimental model of DN [14] . Although initial kidney DTI studies have been conducted in healthy human subjects [7] , these techniques have not been evaluated as potential noninvasive assessments of DN. The goal of this pilot imaging study was to examine differences in kidney DTI parameters in a cohort of diabetics with a range of estimated GFRs (eGFRs) in comparison to healthy control subjects.
Methods

Subjects
Sixteen adult subjects with diabetes mellitus currently enrolled in the Renal Disease Progression Genes and Environmental Impact on Diabetic Nephropathy Study [15] were recruited for DTI scanning. This study is a longitudinal prospective study of diabetics with and without a family history of DN to identify genetic risk factors for progression to DN. All subjects, ages 40-65 years with eGFR 1 25 ml/min/1.73 m 2 were eligible, except those with contraindications to an MRI (e.g. metal implants). For controls, the kidneys of 5 healthy, non-diabetic age-matched volunteers were also scanned. Subjects aged 40-65 years with no known kidney disease, hypertension, heart disease or rheumatologic disease were recruited. eGFRs were calculated from serum creatinine measurements for all subjects based on the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) equation [16] . This pilot imaging study was conducted according to approved Institutional Review Board, Health Insurance Portability and Accountability Act-compliant protocols.
Renal MRI Image Acquisition
Each subject was scanned in a supine position with a Siemens Espree 1.5T MRI scanner (70 cm bore) to accommodate the diabetic subjects. Volume status was not assessed or controlled at the time of imaging. Spine array (posterior) and body array (anterior) receiver coils were used to maximize image uniformity. Following initial localizer scans, coronal T2-weighted MR images (Half-Fourier Acquisition Single-shot Turbo spin Echo (HASTE), respiratory-triggered, TR/TE = 1,000/72 ms, slice thickness = 6 mm, 10 slices, FOV = 360 ! 210 mm, partial Fourier factor 5/8, 1 average) were obtained to delineate medullary and cortical kidney regions. The HASTE acquisition was respiratory-gated to ensure accurate image co-registration with the respiratory-gated diffusion acquisitions described below. A respiratory-gated, single-shot diffusion tensor imaging -echo planar imaging (DTI-EPI) acquisition was then used to acquire diffusion-weighted images of the left and right kidneys (b = 0 and 400 s/mm 2 , 6 directions + null, TR/TE = 2,000 ms/75 ms, imaging slice thickness = 6 mm, 10 imaging slices/subject). Six imaging averages were acquired to obtain images with a sufficient signal-to-noise ratio (SNR) to ensure an accurate FA assessment. Fat suppression and slab suppression radiofrequency pulses were also added to limit chemical shift and motion artifacts, respectively. The total scan time for each DTI acquisition was 4-6 min, depending on each subject's respiration rate.
DTI Calculations and Region of Interest Analysis
All MRI images were exported and processed offline in Matlab (The Mathworks, Natick, Mass.). Image maps representing the ADC and FA at each imaging pixel were obtained from the diffusion-weighted images (6 directions + null) according to well-established procedures [3] . 
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A region of interest (ROI) analysis of the ADC and FA maps was performed to obtain measures of mean cortical and medullary ADC and FA for each subject. Four coronal imaging slices nearest to the renal hilum of the left and right kidneys of each subject were selected for the ROI analysis. ROIs were selected by an expert rater (L.L.) trained by a board-certified radiologist and a nephrologist. The rater was blinded to the eGFR results during the ROI analysis. Medullary and cortical ROI selections were obtained in the HASTE images with high corticomedullary contrast and high anatomic detail. For each imaging slice, 4 medullary and 4 cortical ROIs were selected to ensure adequate sampling. A minimum of 10 pixels/ROI was also incorporated to limit the effects of noise. The ROIs selected in the HASTE images were directly applied to the corresponding (and coregistered) ADC and FA maps to obtain mean cortical and medullary ADC and FA assessments. Overall mean ADC and FA for each subject were obtained by averaging overall ROIs for all 4 imaging slices and both left and right kidneys (i.e. 32 total medullary ROIs and 32 total cortical ROIs).
Statistical Analysis
Mean medullary and cortical diffusion parameters (ADC, FA) from the ROI analysis as well as eGFRs of diabetic and healthy control subjects were compared using two-tailed Student's t test. The diabetic subjects were analyzed as 2 separate groups: (1) GFR ! 60 (n = 6), and (2) eGFR 6 60 (n = 10) ml/min/1.73 m 2 . The 2 diabetic groups were analyzed separately to identify potential DTI differences in these subject groups compared to healthy control subjects. Mean cortical and medullary ADC and FA were also plotted as a function of eGFR for all subjects and Pearson correlation coefficients (R) were determined from a least squared error fit to a linear model.
Results
Clinical features of the 16 diabetic subjects are shown in table 1 . Diabetic subjects had an eGFR range of 27-110 (mean: 71 8 26) ml/min/1.73 m 2 , an age range of 51-66 (mean: 57 8 6) years and diabetes duration of 10-45 (mean: 25 8 10) years. Male (n = 2) and female (n = 14) subjects as well as African-American (n = 10) and Caucasian (n = 6) subjects were included. Albuminuria was highly variable (5-1,030 mg/g creatinine).
Control subjects (3 females/2 males) were otherwise healthy individuals with no known history of kidney disease, systemic disease, hypertension or proteinuria. The 5 healthy controls had eGFR values of 76, 86, 90, 93, 102 (mean: 90 8 9) ml/min/1.73 m 2 and an age range of 41-58 (mean: 48 8 6) years. Figure 1 illustrates a representative standard T2-weighted HASTE image. These images were used to select the cortical and medullary ROIs for the quantitative analysis of the ADC and FA maps as described above. A A = African-American; C = Caucasian; HTN = hypertension; Y = yes; N = no.
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Am J Nephrol 2011;34:476-482 studied (data not shown), so only 1 representative kidney is shown for each subject. Note that high SNR diffusionweighted images were generated for each subject with minimal artifacts associated with respiratory motion. Distinct hyperintense medullary regions readily distinguishable from cortical areas are clearly visible in the FA maps for the healthy subject (1st panel) and the diabetic subject with an eGFR of 110 ml/min/1.73 m 2 (2nd panel). In contrast, for the other 2 diabetic subjects (3rd and 4th panels), medullary regions with high FA values were much less prominent. Note the similarity in the FA results for these 2 diabetic subjects despite the large difference in eGFRs (103 vs. 29 ml/min/1.73 m 2 ). Table 2 summarizes the medullary and cortical ADC and FA values obtained from the ROI analysis for diabetic subjects with eGFR ! 60 ml/min/1.73 m 2 (n = 6), eGFR 6 60 (n = 10) and healthy controls (n = 5). Not unexpectedly, the mean medullary FA, cortical FA and cortical ADC values for diabetics with eGFR ! 60 were significantly lower than those of healthy controls. This is consistent with published data showing lower ADC values in subjects with CKD compared to controls [8, 12, 17] . Interestingly, mean medullary FA and medullary ADC of the diabetics with relatively intact kidney function (eGFR 6 60) were also significantly lower than those of healthy controls (p = 0.001 for FA; p = 0.042 for ADC). These lower medullary FA and ADC values were observed despite the fact that no significant differences in mean eGFR were seen between the 2 groups (healthy controls: 90 8 9 (range 76-102); diabetics with eGFR 6 60: 87 8 16 (range 63-110) ml/min/1.73 m 2 ). As illustrated in figure 3 , a significant correlation was observed between eGFR and medullary FA (r = 0.69, p ! 0.01) for all subjects. A similar significant correlation was observed for diabetics alone (r = 0.66, p ! 0.01). In contrast, correlations between eGFR and the other three imaging parameters (i.e. cortical FA, medullary and cortical ADC) for all subjects or diabetics alone were not significant. Comparisons of diffusion MRI parameters in a healthy control and in diabetics with different levels of estimated renal function. Imaging data (ADC and FA diffusion maps) are shown for a healthy control subject (first panel), 2 diabetic subjects with normal eGFRs (2nd and 3rd panel) and a diabetic subject with more advanced disease (4th panel). Medullary FA for 1 of the diabetic subjects with a normal eGFR is similar to that of the healthy control, with prominent areas of high FA evident. In contrast, medullary FA is decreased for the other diabetic with a normal eGFR as well as the diabetic subject with advanced CKD.
Discussion
In this pilot study using quantitative DTI techniques, we identified significantly lower mean medullary FA values among diabetics with relatively intact renal function (eGFR 6 60 ml/min/1.73 m 2 ) compared to healthy control subjects. These medullary FA differences were observed despite a lack of significant differences in eGFRs between these 2 groups. Medullary ADC values were also significantly lower in this subset of diabetic subjects compared to control subjects. Cortical FA and ADC were not significantly different between these 2 groups. In addition, diabetics with moderate to severe renal function impairment (eGFR ! 60 ml/min/1.73 m 2 ) exhibited lower medullary FA and medullary and cortical ADCs compared to healthy control subjects. Medullary FA was the only one of the four imaging parameters (medullary FA and ADC, cortical FA and ADC) to demonstrate a significant correlation with eGFR.
Previous diffusion-weighted MRI studies have shown renal ADC values are reduced in a variety of acute and chronic kidney diseases [8, 12, 18, 19] . In contrast to previous studies, however, the current study utilized DTI techniques and focused specifically on diabetics, including diabetic subjects with relatively intact renal function (eGFR 6 60 ml/min/1.73 m 2 ). While the numbers of subjects in the current pilot study are relatively small, our findings suggest that both medullary FA and ADC may identify early changes in diabetics, which could indicate early DN. Longitudinal studies in larger numbers of diabetic subjects are necessary to confirm this hypothesis and determine the sensitivity and specificity of these two MRI parameters in identifying early DN changes.
The pathophysiologic process underlying the observed decreases in mean FA and ADC in the diabetic subjects is not well understood. Several potential mechanisms can be postulated, and more than one may be involved. These include reduced tubular flow rate, tubular damage, and vascular abnormalities, including changes upstream of the vasa recta. However, further clinical and preclinical studies are needed to help distinguish between tubular and vascular changes and to better understand the rela- tionship of these observations to the pathophysiologic changes in early-stage DN. Decreased medullary FA may also characterize all-cause early CKD, rather than being a specific feature of DN. Additional studies in non-diabetic CKD subjects will be necessary to answer this question. This pilot study using DTI techniques to assess renal physiology in diabetics has several limitations. Most importantly, the number of subjects is relatively small and these compelling initial results will need to be verified in a larger cohort of diabetics. Further validation of these initial results would also benefit from direct measurement of GFR rather than estimates based on serum creatinine. This is true for both the diabetic and healthy controls. Of note, 1 healthy control (without any significant medical issues) had an eGFR of 76 ml/min/1.73 m 2 . While we suspect that this represents the known inaccuracy of eGFR estimates in patients with eGFR 6 60 ml/ min/1.73 m 2 [16] , we cannot definitively say that this subject was truly 'healthy'. Longitudinal DTI assessments may also determine if diabetics with high eGFRs and low medullary ADC/FA are susceptible to progression to clinically evident DN. In addition, volume status was not formally assessed or controlled for and this could have had an impact on tubular flow. The diffusion MRI techniques could also be expanded to more rigorously understand the impact of disease progression on the diffusion parameters. Previous studies have shown that renal ADC is more accurately measured using a bi-exponential model of diffusion to provide separate estimates of diffusion and perfusion [11] . The kidney DTI results shown here use an alternative approach focusing on the directionality (FA) rather than the magnitude of renal diffusion. A more comprehensive approach to the study of renal diffusion in these subjects would be to apply the bi-exponential model (i.e. multiple b values) in combination with a DTI acquisition. With this approach, rigorously accurate assessments of ADC and FA could be obtained while still separating out the effects of tissue perfusion. However, this approach could require 1-2 h of acquisition time which may not be practical for trials in human subjects.
In summary, the results of this pilot study suggest that medullary FA and ADC, quantified by kidney DTI, may be potential imaging biomarkers for DN. The successful development of radiologic measures to identify early-stage DN would enable clinical intervention at a time when the disease may be effectively treated and could facilitate clinical trials of new therapeutic strategies. These data suggest that quantitative DTI certainly merits study in diabetic cohorts to assess validity in staging and predicting patients at risk of progression to ESRD.
